High speed X-ray phase contrast imaging of energetic composites under dynamic compression Fracture of crystals and frictional heating are associated with the formation of "hot spots" (localized heating) in energetic composites such as polymer bonded explosives (PBXs). Traditional high speed optical imaging methods cannot be used to study the dynamic sub-surface deformation and the fracture behavior of such materials due to their opaque nature. In this study, high speed synchrotron X-ray experiments are conducted to visualize the in situ deformation and the fracture mechanisms in PBXs composed of octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) crystals and hydroxyl-terminated polybutadiene binder doped with iron (III) oxide. A modified Kolsky bar apparatus was used to apply controlled dynamic compression on the PBX specimens, and a high speed synchrotron X-ray phase contrast imaging (PCI) setup was used to record the in situ deformation and failure in the specimens. The experiments show that synchrotron X-ray PCI provides a sufficient contrast between the HMX crystals and the doped binder, even at ultrafast recording rates. Under dynamic compression, most of the cracking in the crystals was observed to be due to the tensile stress generated by the diametral compression applied from the contacts between the crystals. Tensile stress driven cracking was also observed for some of the crystals due to the transverse deformation of the binder and superior bonding between the crystal and the binder. Polymer bonded explosives (PBXs) are composite materials that consist of energetic crystals held together with a polymer binder. Applications include mining, rocket propellants, and main explosive charges in munitions. PBXs may be subjected to various kinds of dynamic loadings during manufacturing, machining, and transport, which may lead to accidental initiation. An improved understanding of nonshock insults to PBXs is needed in order to improve modeling; however, direct optical visualization of these systems is difficult. Consequently, other approaches, such as dynamic X-ray imaging, are of great interest.
The heterogeneous microstructure of a PBX leads to non-uniform stress states, which may cause severe localized material damage and energy dissipation under various types of loadings.
1 Large deformation and damage is associated with the formation of localized energy dissipation or "hot spots."
2 The hot spots formed during mechanical loading may lead to the reaction initiation if they achieve sufficient size and temperature (or energy). 3 Various mechanisms have been proposed for the formation of hot spots in energetic materials, including friction between the sliding and impacting surfaces, localized adiabatic shear of the material during fracture, heating at crack tips, viscous heating of the material during rapid extrusion, and the adiabatic compression of trapped gas spaces. 4, 5 Frictional dissipation due to sliding of the crack surfaces generated by both fracture of the crystals and de-bonding is an important mechanism for heat generation. 6, 7 The fracture of crystals also leads to the loss of strength of the material, affecting the mechanical integrity, which can further cause viscous heating of the specimen. It is clear that the fracture and de-bonding of the energetic crystals in PBXs are important failure mechanisms that can have significant influence on the initiation under non-shock dynamic loading.
Fracture mechanisms of the energetic crystals (specifically octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX)) under quasi-static compressive loading have been studied previously. 8 HMX crystals were observed to show an extensive twinning 8 and dislocation slip 9 behavior on the favorable crystal planes prior to fracture. However, the eventual cracking behavior was controlled by the resulting tensile stresses generated by the compressive loading. 8 The behavior of HMX crystals has also been studied under dynamic loading with a particular focus on shock initiation 10, 11 and drop weight experiments.
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The fracture behavior of the PBX specimens has also been studied with uniaxial compression, [13] [14] [15] [16] [17] [18] [19] nanoindentation, 20 and Brazilian experiments [21] [22] [23] at various strain rates. The de-bonding between the energetic crystals and the binder was the main fracture mode observed in the quasistatic experiments. 14, 21, 22 As the loading rate was increased, the stiffness of the PBX samples increased 14, 15, 19 and higher number of crystals were observed to fracture. 14, 15, 23 The main fracture mechanism for the energetic crystals was the trans-granular fracture caused by the tensile stress generated due to particle-particle contacts. 15 The mechanical responses and the fracture behaviors of the PBX depend significantly on the loading rate. However, the deformation and the fracture mechanisms of the PBX materials have not been observed in situ under dynamic loading because the sub-surface fracture behavior in energetic crystals cannot be easily captured using the conventional optical high speed imaging methods. Recently, Ramos et al. used the high speed X-ray imaging techniques to study the behavior of PBX under high speed impact loading, but the observation of crystal fracture was not reported. 24 The objectives of this study are to investigate the in situ deformation and the fracture behavior of PBXs under dynamic compression. A modified Kolsky bar apparatus is used to apply the controlled compressive loading, and a high speed synchrotron X-ray imaging setup is used to record the in situ mechanical response of the PBX.
The composite specimens studied here consisted of b-HMX particles embedded in Fe 2 O 3 doped hydroxylterminated polybutadiene (HTPB). The b-HMX crystals (BAE Systems Grade B, Class 1 (lot BAE13E051-164)) were sieved to obtain a particle size between 425 and 850 lm. The HTPB was fabricated using a mixture of Sartomer R-45HTLO resin and isophorone diisocyanate (IPDI) at an OH index ratio of 1.10 (batches of 10.00 g R-45HTLO: 1.03 g IPDI). Preliminary experiments showed that X-ray imaging contrast was poor; hence, the HTPB was doped with the Firefox 44 lm Fe 2 O 3 at 0.25% by mass (0.028 g) to produce a better contrast between the crystals and the binder in the Xray imaging. The three binder constituents were manually mixed and then degassed in a vacuum chamber for approximately 30 min until there were no visible bubbles. The HTPBiron oxide mixture was poured into polytetrafluoroethylene (PTFE) molds and the HMX crystals were added, which sank down to a single plane on the bottom of the mold. An additional degassing step was then performed. This mixture was sandwiched between another PTFE plate supported by 1 mm thick shims. The samples were cured at 60 C in a convection oven for 7 days. 25 After the curing step, the samples were removed from the molds and cut into appropriate shapes for the experiments. The average dimensions of the samples were 2.5 Â 2.5 Â 1.0 mm 3 . Each sample contained between 2 and 10 crystals. The weight fraction of the explosives was intentionally kept low so that only one HMX crystal was present in the thickness (X-ray propagation) direction at any given point. Since the X-ray images contain information of the specimen that is integrated over the thickness direction, a single plane of crystals reduced the complexity in analyzing the obtained X-ray images.
The dynamic high strain-rate de-bonding and the fracture behavior of the PBX specimens were investigated using a high speed synchrotron X-ray phase contrast imaging (PCI) synchronized with a modified Kolsky bar apparatus. This setup has been used to study the dynamic fracture mechanisms in various materials, including brittle particles, 26, 27 glass plates, 28 high performance fibers, 29 and bone-tissue interfaces. 30 The complete details of the experimental setup   FIG. 1 . Schematic of the Kolsky bar apparatus and the X-ray imaging orientation. 2016) are described previously. 30, 31 The schematic of the experimental setup is presented in Figure 1 .
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In a typical synchrotron X-ray source, electron bunches are maintained at relativistic speeds in a circular storage ring and emit X-ray radiation in the direction tangent to the circle. The brilliance of the X-rays is further increased by introducing an undulator into the storage ring. 32 For the experiments reported in this paper, polychromatic, high intensity X-ray PCI measurements were performed at the beam line 32-ID-B, Advanced Photon Source (APS), Argonne National Laboratory. The fundamental energy of the X-rays was centered at 25.0 keV. The size of the X-ray beam on the sample was 2560 Â 1500 lm 2 . The X-ray intensity on the sample was 1.4 Â 10 16 photons/s/mm 2 /0.1% BW. The X-ray PCI exploits the change in the phase of the X-rays as they pass through the sample in order to obtain high contrast images that have higher edge contrast as compared to absorption based X-ray imaging, which is especially beneficial for visualizing cracks and de-bonding in the low absorption materials, such as PBX. 33 The coherence length in the sample plane was 8.6 lm in the horizontal direction and 57.3 lm in the vertical direction. A single crystal Lu 3 Al 5 O 12 :Ce scintillator (dimensions: 10 mm Â 10 mm Â 100 lm) was used to convert the propagated X-ray signal to visible light wavelengths. The converted images were relayed to a high speed camera by a 45 mirror, 5Â magnification microscope objective, and a tube lens. An ultra-high speed camera (Shimadzu Hyper Vision HPV-X2) was used to record the images at temporal resolutions between 200 ns and 5 ls. For all high speed recordings, the exposure times were between 110 ns and 500 ns, with larger exposure times for the slower recording rates. The resolution of the imaging system was estimated to be 6.4 lm/pixel, and the frame size was 102 000 pixels (400 Â 256 pixels).
A Kolsky bar, used to apply the dynamic loading, is commonly used to characterize the material behavior at high strain rates (10 2 -10 5 s
À1
). 34, 35 In the current experiment, the Kolsky bar is composed of a striker bar (Ø 12.7 mm, length ¼ 305 mm) and an incident bar (Ø 12.7 mm, length ¼ 1372 mm), both manufactured from a high strength steel alloy (Vascomax 300 maraging steel). In this study, the transmission bar in the conventional Kolsky bar apparatus was replaced with a high impedance load cell (Kistler 9212) mounted on a heavy aluminum backstop. Two semi-conducting strain gauges (Kyowa KSP-2-1K-E4) were attached diametrically to the surface of the incident bar and were connected in a half Wheatstone bridge configuration. The strain gauge assembly was used to record both incident and reflected stress waves. The load cell recorded the force response of the PBX specimens to the incident loading. Both the strain gauge and load signals were collected via an oscilloscope (Tektronix DPO7104C). The recorded load signal was then synchronized with the displacement measurements from the high speed images to obtain force-displacement plots.
For each experiment, a cut specimen was placed in a confinement fixture to restrict motion normal to the surface. Samples were confined between two 1.0 mm thick PMMA plates separated by a 1.0 mm thick steel plate and were centered in a steel channel of 5.0 mm height. The sample holder was then placed between the bar end and the load cell. A photograph of the confinement assembly sandwiched between the bar end and the load cell is presented in Figure 2 . A typical experiment started with a manual signal, which triggered the gas gun and launched the striker bar towards one end of the incident bar. The impact of the striker bar with the incident bar generated a compressive stress wave in the bar. As this stress wave propagated along the bar, the resulting strain signal was sensed by the strain gauges and recorded using the oscilloscope. The sensing of the stress wave also provided the trigger for the X-ray shuttering system and the high speed recording system. The stress wave further propagated to the other end of the bar where it pushed the plunger onto the PBX specimen, thus compressing the specimen at a constant velocity of around 6 ms À1 (nominal strain rate % 2500 s
). Appropriate delay times were set for the camera recording to account for the time taken by the wave to propagate from the strain gauge location to the end of the incident bar. The high intensity X-ray beam passed through the PBX specimen as it was being compressed. The deformation and fracture process in the specimen was recorded using the scintillator-camera system. The brightness and the contrast in the recorded high speed images were adjusted using ImageJ software. 36 Further, a colorization scheme was applied (specifically: "look-up table: Fire") to facilitate a better visualization of damage in the specimens.
The high speed X-ray images and the corresponding force-displacement curves from a representative experiment are presented in Figures 3 and 4 , respectively. Corresponding slowed down video of the experiment is attached as the integral multimedia material. In the first frame (t ¼ 0 ls), some of the HMX crystals were already in contact with each other. The inherent microstructure and some of the flaws present in the crystals can be observed in the initial state, as expected for standard as-delivered crystals that are used in explosive systems. As the PBX specimen was compressed, the crystals were pressed against each other forming a force chain between the confinement back plate and the plunger. The measured force value was observed to increase at this time. At t ¼ 95 ls, cracking initiated in one of the crystals that was compressed between two other crystals from the contact point. Since the HMX is a brittle material, the critical stress governing fracture in this case is the maximum tensile stress. 8 In a diametral compression case as observed here, the maximum tensile stress occurs normal to the line joining the contact points; 37 hence, the crack developed in the direction that joined the two contact points. As the specimen was compressed further (t ¼ 115 ls), the previously cracked crystal was completely fragmented between the contacts. As the crystal was progressively fragmented, the force value remained relatively constant between t ¼ 95 ls and t ¼ 115 ls. The crack initiation in the crystal may lead to loss of stiffness in the crystal as well as to the thermal effects due to crack propagation. Both the loss of stiffness and thermal effects may lead to increased initiation and bifurcation of cracks in the precracked crystal. The observation of complete fragmentation of HMX crystals matches the previously reported fracture mechanism for the HMX crystals. 38 On further compression, the tensile stress driven cracking started to initiate in other crystals with cracks developing between the contact points. The area surrounding the first crack was observed to fragment into very small sub-particles upon further compression even in the newly cracked crystals. The measured back face force was observed to decrease after t ¼ 240 ls since transverse displacement of the binder forced one of the crystals to move, thus breaking the force chain. These results show that the crystals retain their ability to carry load even when they are cracked.
Along with diametral cracking, the crystals were also observed to crack in the locations where large transverse tensile stresses due to the diametral compression of the crystals are not present (t ¼ 170 ls and 240 ls). It is clear that these cracks were formed due to the tensile stress applied on the crystals by the binder as it moved in the transverse direction. The bonding strength between the binder and the crystal was apparently stronger than the tensile strength of the crystal, and hence, the crystal cracked first before it could de-bond from the binder. These observations are contrary to what was observed previously under quasi-static compression and transverse tensile (Brazilian) loading in which the HMX crystals were observed to de-bond from the estane and rubber binders before they cracked under the transverse tensile stresses. 21, 22 This work confirms mesoscale digital image correlation (DIC) measurements and observations, 39 which describe the deformation mechanisms in polymer bonded sugar simulant as crystal fracture from force chains in the material and the rotation/sliding of crystals. These mechanisms are dependent on the volume fraction of crystals of the specific composite system.
To conclude, a high speed synchrotron X-ray PCI setup was synchronized with a modified Kolsky bar apparatus to observe the deformation and the fracture behavior of the PBX under dynamic compressive loading. The main fracture mode for the HMX crystals was observed to be the tensile stress driven cracking under diametral compression. However, the transverse deformation of the binder also induced the tensile stress on the crystals due to excellent binding between crystals and the binder, which led to cracking in some crystals. These real-time observations of deformation and fracture mechanisms provide more insight into the behavior of PBX under dynamic loading and will be valuable in verifying the mesoscale numerical models of PBXs to improve the understanding of hot spot formation. (2) shows the initiation of tensile stress driven cracking due to the diametral compressive loading in one of the crystals. Arrows in frames (4) and (5) show the cracking in the crystals due to the tensile stresses generated by the transverse displacement of the binder material. 
